Melorheostosis is an exceptionally rare sclerosing hyperostosis that typically affects the appendicular skeleton in a limited segmental fashion. It occasionally occurs on a background of another benign generalised sclerosing bone condition, known as osteopoikilosis caused by germline mutations in LEMD3, encoding the inner nuclear membrane protein MAN1, which modulates TGFβ/bone morphogenetic protein signalling. Recent studies of melorheostosis lesional tissue indicate that most cases arise from somatic MAP2K1 mutations although a small number may arise from other genes in related pathways, such as KRAS. Those cases associated with MAP2K1 mutations are more likely to have the classic "dripping candle wax" appearance on radiographs. The relationship between these somatic mutations and those found in a variety of malignant conditions is discussed. There are also similar germline mutations involved in a group of genetic disorders known as the RASopathies (including Noonan syndrome, Costello syndrome and various cardiofaciocutaneous syndromes), successful treatments for which could be applied to melorheostosis. The diagnosis and management of melorheostosis are discussed; there are 4 distinct radiographic patterns of melorheostosis and substantial overlap with mixed sclerosing bone dysplasia. Medical treatments include bisphosphonates, but definitive guidance on their use is lacking given the small number of patients that have been studied. Surgical intervention may be required for those with large bone growths, nerve entrapments, joint impingement syndromes or major limb deformities. Bone regrowth is uncommon after surgery, but recurrent contractures represent a major issue in those with extensive associated soft tissue involvement.
Introduction
Most radiologists, orthopaedic surgeons and rheumatologists have a special place in their case records for a group of rare musculoskeletal oddities to test their trainees. Melorheostosis must surely be somewhere near the top of any such list when it comes to rare, bizarre and poorly understood conditions with which to challenge all but the most dedicated students of medical curiosities. First described in 1922 as Leri's disease (On-Line Mendelian Inheritance in Man catalogue-OMIM 155950), there have been fewer than 500 formal reports relating to this sclerosing bone disorder [1] . Even the ancient Greek origins of its name serve to deepen its mystery: melos-limb, rhein-to flow (as in river currents), osteon-bone. By any standards, melorheostosis is a rare condition, estimated to affect fewer than 1 in a million persons. It is not restricted to particular ethnic groups and has no recognised environmental contribution. The classic "dripping candle wax" appearance of the affected bone(s) and its segmental distribution is unmistakable but is a far from constant finding (Fig. 1) . Indeed, the precise boundary between melorheostosis and other sclerosing bone conditions (osteopoikilosis, osteopathia striata and various other causes of hyperostosis and osteosclerosis) is somewhat blurred [2] [3] [4] [5] [6] [7] . Many aspects of the condition are still unexplained or contentious. These include: 1 3
(1) The clinical and radiographic spectrum of melorheostosis and how to define the condition (2) How is it best treated and what are the risks of recurrent disease following surgery? (3) What is the full range of molecular mechanisms underlying melorheostosis and related diseases? (4) What useful therapeutic insights have arisen from understanding the molecular pathology?
This review is largely based on work published over many decades by others but also in part on our personal (and largely unreported) experience of 30 cases in the UK seen personally at our centre. We describe the clinical and radiographic features of melorheostosis and attempt to provide useful (but by no means definitive) advice about its management. We discuss some of the new genetic insights into this and related disorders that may help to explain the sporadic and segmental nature of the condition and its occasional association with other conditions. Finally, we explore briefly some of the potential clinical applications of these new findings.
Clinical Features
The presenting features of melorheostosis are variable, depending on the site and extent of the bone disease and whether there is any associated soft tissue involvement. Some cases are identified from incidental radiographic findings, but more typically there will be pain, bony swelling, localised growth abnormalities or joint deformities (often due to associated soft tissue involvement). Whether pain is an inherent characteristic of melorheostosis is a moot point; where it is present it can frequently be attributed to mechanical factors, including direct pressure on bony excrescences, joint impingement syndromes or abnormal joint dynamics resulting from deformities (Fig. 2) . Various nerve entrapment syndromes have also been described, including spinal nerve root compressions and carpal tunnel syndrome (see below). Sometimes the first indications of underlying bone pathology may come from localised abnormalities in the overlying skin, which may have an appearance like scleroderma, or other soft tissues (tendons, ligaments and joint capsules) that may lead to severe joint contractures.
The typical features of melorheostosis, characterised by sclerotic cortical bone in a segmental distribution, should present few diagnostic difficulties [8] [9] [10] , but a range of radiographic patterns have been reported and perhaps only one-third of cases exhibit the classic "dripping candle wax" appearance of the cortex (Fig. 1) . There is dense, irregular and eccentric hyperostosis of both periosteal and endosteal bone surfaces, affecting either single or multiple adjacent bones. Typically, either the medial or lateral side of the bone is involved and there is usually quite clear demarcation between the affected and unaffected bone. For diagnostic purposes, four distinct patterns [9] are described (Table 1) .
Where the neighbouring soft tissues are also affected there may be linear scleroderma-like appearance of the involved skin with subcutaneous fibrosis, oedema, hypertrichosis, fibromas, fibrolipomas, capillary haemangiomas, lymphangiectasia and/or aneurysms. Tendon and joint capsule involvement may cause severe joint contractures and deformities, such as talipes equinovarus or flexion contractures of the hip and knee [11] . In some cases, the skin overlying the affected bones has a mottled appearance somewhat reminiscent of livedo reticularis. In the largest published clinical review (n = 24) from the Mayo Clinic [12] , pain was the commonest presenting symptom (83%), followed by limb deformity (54%), limitation of movement (46%), numbness (38%) and weakness (25%). Somewhat surprisingly, this case series included four times as many females as males although the evidence from other reports overall does not suggest a gender bias. Obviously such hospital-based studies could potentially overestimate the level of symptomatic disease, but since there are no population-based studies it is not known how many cases may be asymptomatic. In the Mayo Clinic series, the legs were involved in 16/24 cases, feet/ankles 9/24, arms 8/24, hands/wrists 7/24, spine 4/24 and head only 2/24. Our Oxford experience is very similar (head involvement in only 2/30) although we saw evidence of spinal involvement (often very mild) in 7 of our 30 cases. However, although the appendicular skeleton appears to be much more commonly affected than the spine or skull there may also be an element of ascertainment bias in this because asymptomatic involvement of the axial skeleton could quite easily be missed. Expression of the disease in the vertebrae is also less obvious, perhaps because they contain a preponderance of trabecular rather than cortical bone. The condition usually presents in childhood or adolescence (50% are diagnosed by 20 years of age) and the bony lesions typically progress relatively rapidly in childhood but with active and quiescent periods. Intrinsic bone pain seems to be particularly associated with active periosteal bone formation. In contrast, the bone lesions appear to progress relatively slowly, if at all, after skeletal maturity. Some cases may be complicated by early fusion of the affected epiphyses causing significant limb length discrepancy, which is a potentially severe complication that may require major reconstructive surgery (Fig. 5 ). This represents a particular management challenge because such surgery is by no means always successful and may need repeating over time to ensure sustained benefit. Very rarely, melorheostosis may be complicated by malignant transformation to osteosarcoma [13] .
Differential Diagnosis
The differential diagnosis of melorheostosis with a brief list of some of the most obvious distinguishing features is given in Table 2 . Typical melorheostosis should be relatively easy to identify but by no means all cases conform to its classic description so that even distinction from Paget's disease might occasionally be problematic [14] . Conditions from which melorheostosis should be distinguished include: Table 1 Clinical and radiographic features of the different patterns of melorheostosis used for diagnostic purposes [Reference] However, in the largest published series [Reference] the majority of cases showed a mixture of one or more of these patterns Classic melting candle wax ( Fig. 2) "Osteoma-like hyperostosis" involving only endosteal surfaces arranged along the longitudinal axis of the bone (5 cm or larger in diameter). Involves ≥ 1 bone and may be eccentric (Fig. 3) . Subcutaneous fibrosis may be present
Osteopathia striata-like hyperostosis with unilateral long and dense hyperostotic striations near the inner surface of the cortex in ≥ 2 bones (Fig. 4) Myositis ossificans-like lesions in ≥ 2 unilateral regions ± Interosseous hyperostosis (Fig. 4 ) (1) those that cause increased bone density (osteopetrosis, osteosclerosis and hyperostosis) and (2) others that cause ectopic ossification or bony tumours (benign or otherwise) [3, 8] . Some of the conditions that mimic melorheostosis radiographically are illustrated in Fig. 6 . In practice, the asymmetry of melorheostosis and the fact that it tends to be restricted to the medial or lateral side of the affected bones contrasts with the often generalised nature of the osteopetroses/hyperostoses/osteoscleroses. There should be relatively little difficulty in distinguishing these disorders once a careful history, clinical examination and appropriate radiology have been completed. However, there is significant overlap with certain sclerosing conditions of bone, such as osteopathia striata (Voorhoeve disease), osteopoikilosis [3, 6, 7, 9] , progressive diaphyseal dysplasia (Camurati-Englemann disease) [15, 16] , and its transforming growth factor β (TGFβ) allelic lookalike multiple diaphyseal sclerosis (Ribbing disease) [17, 18] . Ghosal haematodiaphyseal dysplasia is a rare autosomal dominant condition causing a symmetric metadiaphyseal dysplasia of the long bones that can be distinguished also by the associated defective haematopoiesis due to marrow fibrosis [19, 20] . In the syndrome of mixed sclerosing bone, dystrophy/dysplasia matters are more complicated because melorheostosis coexists with other forms of bone sclerosis [4, 5, 7, [21] [22] [23] [24] . This condition is itself heterogeneous since at least 4 different variants have been described depending on the relative preponderance of melorheostosis, osteopoikilosis, osteopathia striata and osteosclerosis [7] . Genetic disorders associated with bony outgrowths, such as multiple hereditary exostoses, multiple enchondromatosis (Ollier's disease) or ectopic ossification, such as fibrodysplasia ossificans progressive or progressive osseous heteroplasia sometimes bear superficial resemblance to melorheostosis but should be quite straightforward to distinguish. Non-hereditary conditions to be considered include intramedullary osteosclerosis that typically affects the middiaphyseal region of one or both tibias (although the fibula and femur may also be affected) in the absence of alternative causes, such as infection, trauma or systemic illness. Some other conditions that are associated with a significant degree of periosteal reaction may be occasionally confused with melorheostosis. These include malignancy (osteogenic sarcoma and Ewing's sarcoma), Caffey disease, infection, trauma and vitamin C deficiency.
Aetiology and Molecular Pathogenesis
Many ideas about the cause of melorheostosis reflect its limited segmental distribution although more extensive disease is also well described [25] . Sometimes the disease appears to jump anatomical segments. For example, in one of our cases the disease was evident in the pelvis and throughout both lower limbs but elsewhere the only evidence of disease anywhere in the body was limited to the 5th metacarpal in the right hand. The segmental distribution of melorheostosis led to the "sclerotomal" theory advanced by Murray and Mcredie [26] that has influenced many ideas about its pathogenesis [27, 28] , including the possibility that foetal or childhood infections affecting particular nerve roots (and the sclerotomes that they innervate) might be responsible. However, this sclerotomal distribution has been challenged by a recent study where PET/CT was used to define the anatomical distribution of melorheostosis in 30 affected individuals [29] . Only 5/30 had disease restricted to a single sclerotome; 12/30 had disease roughly conforming to contiguous sclerotomes, but there was significant "bleeding" of disease across sclerotomes. These authors favour an explanation implicating "clonal proliferation of a mutation-positive skeletal progenitor cell along the limb axis". In an extension of these studies, the same group provide detailed histological analysis of the abnormal bone in melorheostosis; they suggest that the condition reflects a periosteal reaction to the gradual deterioration in bony microarchitecture somewhat akin to the situation in local infection or trauma [30] . The vast majority of cases are sporadic, but in a small minority the condition appears against a background of other hyperostotic bone disease, such as osteopoikilosis, Buschke-Ollendorf syndrome (BOS-OMIM 166700) or mixed sclerosing bone dysplasia (MSBD) [31, 32] . The latter is particularly intriguing because it has a very variable phenotype combining features of melorheostosis, osteopoikilosis, osteopathia striata and osteosclerosis, the relative amounts of which vary not only between affected (Table 2 ). a progressive diaphyseal dysplasia (Camurati-Englemann disease), demonstrating symmetric cortical thickening of the long bones in this pelvic radiograph and (b) osteopoikilosis in which there is localised symmetric sclerosis in the epiphyses/metaphyses as indicated here in the femoral neck (arrow). c Pachydermoperiostosis showing thickening of the distal part of the tibia and fibula due to periosteal reaction individuals but also between affected areas of the skeleton [4] . Some cases are also associated with extensive soft tissue pathology, including unilateral MSBD lymphangiectasis and capillary haemangioma [33] , and arteriovenous malformations [22] . Its aetiology and precise relationship to most sporadic cases of melorheostosis is unclear to the extent that some authors have recommended that where MSBD and melorheostosis coexist the condition should be classified as melorheostosis. There are occasional reports of MSBD variants segregating as an autosomal dominant trait in families, but these cases are atypical with additional features, such as generalised ichthyosis and premature ovarian failure in one 3-generation family [34] or facial dysmorphism and cranial sclerosis in another [35] . The gene loci responsible for these rare familial cases have not been identified. In contrast, most cases of both osteopoikilosis and BOS are caused by germ-line mutations in LEMD3 (LEM domain-containing protein 3), which encodes an integral inner nuclear membrane protein, MAN1 involved in the TGFβ signalling pathway (see below) [36] [37] [38] . Endochondral ossification during the seventh week of embryogenesis forms the primary spongiosa, resorptive failure of which (in conditions like osteopetrosis) leads to generalised accumulation of calcified cartilage matrix in the medullary cavity. Subsequently, during the ninth week of embryogenesis, osteoclasts normally remodel the spongiosa into trabeculae and medullary cavity; failure to do this results in the focal sclerotic lesions of osteopoikilosis or striations in the medullary cavity (osteopathia striata) [reviewed in reference 2]. Where melorheostosis occurs in the context of osteopoikilosis/BOS it is localised and segmental (as in the sporadic form) but there will also be radiographic evidence of osteopoikilosis elsewhere [31, 32] . Recurrent melorheostosis has not been described in these families, but other relatives may show the characteristic changes of osteopoikilosis since this is a dominantly inherited condition.
Abnormalities of the TGFβ signalling pathway lie at the pathogenic heart of osteopoikilosis and BOS. The LEMD3 loss-of-function mutations that are found in the vast majority of cases are entirely consistent with this [36] [37] [38] . The MAN1 inner nuclear membrane protein encoded by LEMD3 modulates TGFβ/bone morphogenetic protein (BMP) superfamily signalling through negative regulation of SMAD transcription factors downstream of the receptor activation that is crucial for activating genes involved in bone formation (Fig. 7) . The TGFβ superfamily of multifunctional cytokines plays wide-ranging roles in embryonic development and adult tissue homeostasis. Members of the family include BMPs and Activin as well as TGFβ itself. Signals from these proteins are transduced into cells through heteromeric serine/threonine kinase receptor complexes (including TGFβ Types 1 and 2 receptors) and their corresponding SMAD intermediaries, which function as transcription factors after translocation to the cell nucleus [39] . The activated TGFβ receptor Two molecules of the relevant R-SMADs form a heterotrimeric complex with one common mediator SMAD (SMAD4) before translocation to the cell nucleus where they regulate the expression of many genes. The R-SMAD N-terminal MH1 (MAD homology 1) domain is involved in DNA binding (in keeping with the transcription factor function of these proteins), while the C-terminal MH2 domain is involved in protein-protein interactions (of which between 62 and 347 have been described for each individual R-SMAD). Among the scores of proteins binding to R-SMADs at least some influence their biological activity. Thus, MAN1 (see above) binds to the MH2 domain of R-SMADs facilitating their dephosphorylation and thereby downregulating SMADmediated signalling (such as through the TGFβ receptor family). This explains the deleterious effects of loss-offunction LEMD3 mutations resulting in excessive signalling to genes involved in bone morphogenesis and soft tissue modelling/fibrosis. In the former, the abnormalities are restricted to bone (osteopoikilosis), whereas in the latter (BOS) there are additional connective tissue naevi related to abnormalities of elastin (juvenile elastomas) or collagen (dermatofibrosis lenticularis disseminata). The excessive amounts of collagen and elastin produced by affected skin fibroblasts are consistent with excessive TGFβ signalling in BOS [40] . However, in affected families the phenotype is variable with some individuals expressing only bone lesions and some only skin disease [41] , while others have more extensive soft tissue involvement [42] . There also appears to be at least some molecular heterogeneity in the pathology of BOS since cases have been described without LEMD3 mutations [43] . It remains to be seen whether other R-SMADprotein interactions might have similar functional effects on the bone or soft tissues. Germline LEMD3 mutations in the absence of osteopoikilosis or BOS do not occur in sporadic melorheostosis [38, 44, 45] .
Much of the focus on the molecular pathogenesis of melorheostosis in recent years has been on its rare coexistence with osteopoikilosis/BOS. It has been widely postulated that, in those cases of osteopoikilosis with coexistent melorheostosis, a second hit in LEMD3, causing a second loss-of-function mutation in the other allele or deleting it altogether, might account for the more severe segmental disease [27, 28] . However, there is no direct evidence either for this or the existence of de novo LEMD3 mutations in lesional tissue from sporadic cases of isolated melorheostosis. Instead, the majority of cases of sporadic melorheostosis are caused by cell type-specific post-zygotic mutations in the MAP2K1 gene, encoding the protein kinase MEK1 [45] . Mutations in this gene have also been implicated in many types of cancer, including lung, melanoma and hairy cell leukaemia [46] [47] [48] . Whole exome sequencing of lesional tissue from 15 cases (none of whom had evidence of additional osteopoikilosis or BOS) compared with unaffected bone, revealed eight individuals with tightly clustered MAP2K1 mutations in a negative regulatory domain in MEK1 (Q56P,  K57E, K57N) . The extent and distribution of the condition reflect the degree of somatic chimerism for these mutations. Further, it has been suggested in a follow-up study that cases with MAP2K1 mutations are more likely to have the classic "dripping candle wax" phenotype or characteristic skin lesions overlying the affected bone than those with no evidence of such mutations [49] . MEK1 is a component of the RAS signalling pathway that plays a role in skeletal development. The effect of these loss-of-function MEK1 mutations is to increase pERK1/2 signalling, which results in increased osteoblast proliferation but reduces their differentiation; this also leads to reduced production of RUNX2 (the key osteoblast transcription factor), type 1 collagen, alkaline phosphatase and reduced BMP2-mediated mineralisation [45] . There is also a significant increase in the RANKL/ OPG ratio, consistent with the observed overactive osteoclastogenesis. These functional effects are also consistent with the histological findings in melorheostosis where there is a marked increased unmineralised osteoid, an increase in osteoblast and osteoclast numbers and markedly increased bone remodelling. In passing, it is worth noting that mutations in RUNX2, which plays such a key role in osteoblast biology, usually have a rather less dramatic phenotype than might be expected and also one that, like LEMD3 is variably expressed within and between families [50] [51] [52] [53] .
Of interest, in one of the cases described by Kang et al. where no MAP2K1 mutation was evident there was a K61R mutation in the KRAS oncogene, incriminated in a wide variety of cancers [45] . This mutation was present in both abnormal and normal bone, and there were prominent skin lesions consistent with a "RASopathy", leading the authors to suggest that this case may represent a complex early post-zygotic mosaicism, of which melorheostosis was part. Germline gain-of-function mutations in the RAS-MAPK-ERK pathway affect cell differentiation, proliferation and apoptosis and are the unifying biochemical feature of the RASopathies, an uncommon set of genetic disorders, in which the variable clinical features include congenital heart defects, facial dysmorphism, skin abnormalities and learning difficulties among others [54, 55] . As shown in Fig. 7 , these disorders include different forms of Noonan syndrome (OMIM163950) variously associated with the protein tyrosine phosphatase PTPN11, KRAS or neurofibromin (in a Noonan variant associated with type 2 neurofibromatosis -OMIM601321); cardiofaciocutaneous (CFC) syndromes 1-4 (OMIM115150, 615278, 615280) associated with BRAF, KRAS, MAP2K1 or MAP2K2 mutations; and Costello syndrome (OMIM218040) associated with the HRAS oncogene. A similar KRAS mutation (Q61H) to the above case and also to those in the germline of some RASopathies has recently been described in lesional tissue (scleroderma-like) from the skin of one patient with features of melorheostosis, Buschke-Ollendorf syndrome and osteopoikilosis [56] . In this case, an LEMD3 mutation was also present in the proband and other affected family members; the KRAS mutation was restricted to the more severely affected skin and not seen in unaffected skin (the bone was not biopsied in this case). The authors suggest that this KRAS mutation might function synergistically with the underlying LEMD3 mutation to produce areas of more severe skin involvement and melorheostosis in a segmental fashion. Mosaicism for the same MAP2K1 mutations (Q56P and K57E) that have been described in melorheostosis osteoblasts [45] has also been described in cases of extracranial arteriovenous malformations where their distribution is restricted to endothelial cells [57] .
Management
It is not precisely known what proportion of individuals with melorheostosis actually require medical treatment since some cases may go undetected if they are asymptomatic. Those cases cited in the literature are, of course, biased toward those who are symptomatic. Published case series are few, and the rarity of the condition also means that evidencebased guidelines for the management of these patients are difficult to produce. Consequently, many of the recommendations for treatment are based on very limited data. About half of the Mayo Clinic series had undergone some form of surgery [12] , which is similar to our experience. However, as previous reviewers have highlighted the wide variety of presentations of this condition makes it difficult to draw many definitive conclusions about how it should be managed surgically or medically [58] . A multidisciplinary approach to the assessment of patients is logical; in addition to potential surgical options, it should often include non-operative measures, such as specialist imaging, pharmacologic approaches, physical therapy and psychological assessments. It is important not to attribute all the patient's symptoms hastily to melorheostosis; people with rare diseases also suffer from common coexistent conditions. The precise origin of any pain should be ascertained before proceeding with treatment; people with melorheostosis are just as likely to suffer from shoulder capsulitis, tennis elbow or cervical spondylosis! In surgical decision making, the potential for recurrent disease and also the degree of involvement of neighbouring soft tissues are important considerations [59] .
Pharmacological treatments of the condition mainly focus on the relief of pain, which may be multifactorial in origin. A clear definition of the origin of the pain is essential if treatment success is to be achieved; is it related to pressure effects, nerve compression, joint dysfunction, limb deformity or hyperactive bone itself? As with many causes of chronic pain psychological factors may also become important and input from a specialist pain clinic may be valuable. Bisphosphonates have proved effective in the management of pain in some individuals with melorheostosis, but there are no controlled trials of their efficacy. Given the hyperactive state of the involved bone with markedly increased remodelling and increased numbers both of active osteoblasts and osteoclasts a trial of bisphosphonates may be appropriate in some cases. Their benefits are recorded in a series of case reports but, as such, are subject to the problems of positive ascertainment bias. Nevertheless, there is sufficient evidence to justify their use where other causes of pain have been excluded first. In one case, zoledronate not only improved pain but also reduced bone turnover as judged by scintigraphy; these authors also nicely review the evidence for positive results from etidronate and pamidronate [60] . In a more recent case, the efficacy of bisphosphonates is reviewed and the successful use of denosumab after failure of zoledronate is reported [61] . However, there are potential pitfalls to the excessive use of bisphosphonates in this condition. One case known to us (with pain from melorheostosis affecting the 5th metatarsal, cuboid and calcaneus) was given regular infusions of zoledronate over a period of more than 1 year resulting in severe atypical fractures of multiple ribs bilaterally and a flail chest. Unfortunately, the zoledronate appeared to have little impact on the local ankle pain, which was almost certainly mechanical in nature as a result of lateral ankle joint impingement from the enlarged affected bones.
In many cases, pain may arise from direct pressure on the abnormal bone or arise from joint impingement effects (Fig. 2) . Concerns about possible recurrent bone growth after surgery, perhaps even more severe than the primary tumour, are natural. In our experience removal of such growths is justified where the symptoms are severe and there appears to be a relatively low risk of recurrence (Figs. 4, 8) . Nerve entrapment syndromes are well described, including carpal tunnel syndrome and cervical radiculopathy [62, 63] . These should be investigated and treated as appropriate but do not appear to be common. The prevalence of spinal involvement appears to be relatively low, but we have seen asymptomatic disease in several of our patients, suggesting that it may be more common than reported. At the age of 60 years, one of our cases had symptoms and signs of cervical radiculopathy from encroachment of the enlarged lamina on the emerging right C6 nerve root. This was managed conservatively and did not appear to have had any major impact on his sporting prowess as a younger man when he had a successful amateur rugby football career as a prop forward. The patchy nature of the lesions in the spine may require CT for clearer definition (Fig. 9) .
Where there is significant limb deformity major soft tissue dissection may be required in addition to correcting any bone lesions. Even with the most intensive and diligent postoperative care success cannot be guaranteed in the short-, medium-or long-term. In our experience, limb reconstruction techniques can partially correct even major degrees of joint contracture at the knee and help to restore limb length inequality and function (Fig. 5) . However, where there is significant soft tissue involvement the restoration of a normal range of movement is relatively unlikely and the risk of recurrence is high due to recurrent soft tissue contractures. In a case report of the treatment of recurrent intra-articular melorheostosis affecting the knee, the authors include a most informative review of the surgical literature and also indications for medical treatment. They highlight the risk of recurrent disease following excision and the possibilities for joint replacement surgery in the event of repeat recurrences or significant joint contractures [59] . Nevertheless, even where there is severe widespread disease pain can be alleviated and function restored in some cases by multiple joint replacement [64] . In contrast, there will still be cases even today where the symptoms, severe loss of function, technical difficulty of surgery and relatively low chance of a successful outcome ultimately justify amputation [11] . For the more complex cases, referral to tertiary centres with experience of managing the condition is highly desirable.
Future Directions
Because it is such a rare disease the data relating to medical and surgical treatment of melorheostosis are inevitably limited and subject to reporting bias. The establishment of a formal register of the efficacy of medical and surgical treatments used for individuals with the condition would be useful in redressing this imbalance. For example, in the UK, the RUDY electronic patient platform could serve such a function [65] and has previously been used for generating similar data relating to osteogenesis imperfecta, X-linked hypophosphataemia and fibrous dysplasia [66] . This could be particularly helpful in collecting individual responses to surgical treatments that are often unique. Now that it is known that most sporadic cases of melorheostosis are caused by MAP2K1 mutations interest has focused on whether the RAS/ MAPK/ERK pathway can be targeted for treatment of this disorder. There is considerable Fig. 8 In this example (a) from a 45-year-old male there is segmental involvement approximately corresponding to C5/6 sclerotomes in the humerus, radius, scaphoid and trapezium. b There are two areas of ectopic ossification (arrowed) adjacent to the elbow which were associated with "tennis elbow"-like symptoms. Surgical excision of the lesions was successful Fig. 9 Spinal melorheostosis is often patchy and best demonstrated by computed tomography. In this example, there is limited involvement of the posterior elements of the lumbar and 1st sacral vertebrae enthusiasm for this as a result of the success of inhibiting components of this pathway in various cancers [67] and potentially in a range of rare genetic RAS/MAPK developmental disorders [55] . The hydrophobic pocket adjacent to the ATP-binding site of MEK1 and 2 allows the binding of potent allosteric inhibitors. For example, the MEK1 inhibitor trametinib is used to treat BRAF mutant melanoma in combination with first-generation BRAF inhibitors and a range of MEK1 inhibitors are now in development. Pre-clinical studies of MEK1/2 inhibitors for the treatment of type 2 neurofibromatosis (associated with neurofibromin mutationssee Fig. 7 ) are promising [68] . However, the abnormally active mutation is cell type specific but any therapy targeting the RAS/MAPK/ERK pathway will not be restricted to the mutant cells alone and there is a substantial risk of off-target side-effects. Whether, such drugs can be developed for the treatment of melorheostosis in future is never the less an intriguing prospect.
Finally, there appears to be at least some genetic heterogeneity in melorheostosis since a significant minority of cases appear to lack MAP2K1 mutations in lesional tissue [45] . Further investigation of these cases may uncover alternative pathogenic mechanisms and further insights into the pathology of this and other bone diseases.
